accessory proteins do not possess an inherent catalytic function, but regulate assembly, trafficking and proteolytic activity of the complex (Francis et al., 2002; Steiner et al., 2008; Yu et al., 2000) . The presence and function of PS/-secretase in more-distantly related and unicellular species have not been demonstrated. PS-like components have been identified in moss (Khandelwal et al., 2007) , but -secretase activity could not be detected.
Full-length PS/-secretase substrates, such as Notch and -amyloid precursor protein (APP), have long, extracellular Nterminal domains and are generally not subject to direct processing by -secretase. An extracellular proteolyic cleavage must first release a soluble N-terminal, extramembranous fragment to generate the bona fide PS/-secretase target (De Strooper et al., 1999; Vassar et al., 1999) , which is a membrane-anchored Cterminal intermediate.
In the Notch pathway, -secretase cleavage of the TM intermediate produces the Notch intracellular domain (NICD), which functions as a transcriptional co-factor that directs developmental gene activation and subsequent cell differentiation (Tien et al., 2009) . Notch signaling can be enhanced by increasing either ectodomain processing or NICD stability. Because Psen1;Psen2-double-null mutations in mice cause embryonic lethality as a result of loss-of-function defects in the Notch pathway (Donoviel et al., 1999) , definitive de novo functions of other PS/-secretase cleavage products have been difficult to assess.
For APP, the process of ectodomain shedding involves proteolytic cleavage by either -or -secretases to generate -and -CTF intermediates (C-terminal fragments of 83 and 99 residues, respectively). Cleavage of -CTF by -secretase creates two product classes: an APP intracellular domain (AICD) and an amyloid- (A) peptide. Cleavage of -CTF by -secretase releases the identical AICD, but a smaller intramembrane peptide, p3 (Selkoe, 1998; Suzuki and Nakaya, 2008) . Additionally, PS/-secretase can cleave APP CTFs at several TM sites to generate A peptides ranging from 37 to 49 residues (Wang et al., 1996; Zhao et al., 2005) . FAD-type mutations in PSEN are associated with aberrant processing of APP that does not alter the size or abundance of the AICD but leads to changes in the relative levels of the various A peptides. For example, >90% of A peptides in the normal brain are of the 40-residue type, A 40 ; the 'aggregation-prone' A 42 moiety is highly under-represented (Walsh and Selkoe, 2007) . By contrast, cells with FAD mutations in PSEN have increased ratios of A 42 :A 40 (Borchelt et al., 1996) . Still, a biological significance of PS/-secretase cleavage of APP in normal individuals is not fully established. A function for A 40 has not been described, but the AICD is suggested to participate in intracellular signaling and transcriptional regulation (Cao and Sudhof, 2001; Gao and Pimplikar, 2001) .
In an effort to further elucidate molecular mechanisms intrinsic to PS function or dysfunction, we have examined PS signaling in Dictyostelium discoideum, a small, ancient eukaryote that has proven to be an effective model system to study unique aspects of signaling mechanisms that are conserved in the metazoan -in the control of nutrient sensing, chemotactic migration, and development, among others (Kimmel and Firtel, 2004) . Dictyostelium grows unicellularly in the presence of abundant nutrients, but upon starvation it enters an ordered developmental sequence. Developing cells secrete and chemotax towards cAMP and form multicellular aggregates (McMains et al., 2008) ; these differentiate into patterned organisms with spatially segregated precursor populations of prespore and prestalk cells, the progenitors of the terminally differentiated cell types.
We now show that Dictyostelium has highly diverged orthologs for each -secretase component but, interestingly, seems to lack endogenous equivalents of APP, Notch and other characterized PS/-secretase substrates. We created a series of single and double mutants for genes encoding the -secretase components of Dictyostelium and demonstrated that wild-type (WT) Dictyostelium is capable of amyloidogenic processing of ectopically expressed human APP to generate A 40 and A 42 peptides. By contrast, PS-null strains and strains deficient in other -secretase components accumulate -and -CTF APP intermediates but are unable to process these APP intermediate fragments further to release A peptides. We conclude that Dictyostelium has a PS complex comprising highly diverged components that possesses bona fide -secretase activity. We further demonstrate that Dictyostelium requires PS/-secretase signaling for phagocytic capture and for cell-fate specification during development. PS signaling regulates cell-fate specification in a cell-autonomous manner. We conclude that PS signaling preceded metazoan expansion and perhaps arose independently of Notch. Finally, the extreme sequence divergence of the Dictyostelium orthologs might present a unique model for focus on a more highly restricted set of amino acid sequences required for PS/-secretase function than previously appreciated.
RESULTS

Dictyostelium has highly diverged subunits of the PS/-secretase complex
Dictyostelium orthologs for PS, Nct, Aph1 and Pen2 -the subunits of the PS/-secretase complex -were identified in a bioinformatic search using sequences of mammalian, Drosophila and C. elegans proteins (supplementary material Fig. S1A-D) . Dictyostelium has single-copy genes encoding Nct, Aph1 and Pen2, but two genes for PS. As all the Dictyostelium proteins are highly diverged (sequence identities ~25-35%) in comparison with their mammalian counterparts (supplementary material Fig. S1A-D) , we evaluated if they were functionally equivalent (see below).
The predicted Dictyostelium PS proteins possess the multiple-TM organization and two essential aspartyl residues that are characteristic of all members of the membrane protease superfamily (Hutton and Hardy, 1997; Steiner et al., 2008) . Using the Dictyostelium PS sequences, we identified two additional, more-distant protein relatives. Nonetheless, in a phylogenetic comparison [http:// www.genebee.msu.su/services/phtree_reduced.html (Brodskii et al., 1995; Chumakov and Iushmanov, 1988; Iushmanov and Chumakov, 
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1988)] of all these putative Dictyostelium membrane aspartyl proteases with human PS and signal-peptidyl proteases (SPPs), the identified Dictyostelium PS proteins cluster most closely with the human PS proteins, whereas the other Dictyostelium proteins group with the SPPs (Fig. 1A) . These alignments are seen more clearly when the three most highly conserved sequence domains of PS are analyzed. Strong PS identity is observed in the regions that encompass the two essential catalytic aspartyl residues and the PALP domain, a proline-alanine-leucine-proline motif found in all PSs (Fig. 1B,C,E) ; although somewhat related, the SPPs are clearly more diverged (Xia and Wolfe, 2003) . These data suggest that we have identified two bona fide PS orthologs. Furthermore, ~70% of the residues mutated in the human PSEN1 gene that are associated with early-onset FAD (Kim and Kim, 2008) are similar between WT human PS1 and Dictyostelium PS1 proteins (supplementary material Fig. S2 ).
Dictyostelium PS1 and PS2 share only 40% sequence identity (60% similarity; supplementary material Fig. S1D ). The most significant structural difference between PS1 and PS2 is the length of the nonconserved region within the cytoplasmic loop located between the essential aspartyl-domain regions ( Fig. 1D ; supplementary material Fig. S2 ). The nonconserved loop region of PS2 (between residues PAXIYXS and VKLGLGD; see Fig. 1B-D) is 153 amino acids, similar to that of all metazoan PS proteins. By contrast, the nonconserved 'loop' of PS1 is only seven amino acids (supplementary material Fig. S2 ).
Dictyostelium discoideum Nct is 74 kDa, with a single-pass TM domain at amino acids 596-618, and Dictyostelium Aph1 is a predicted 38 kDa, seven-TM-domain protein. The Dictyostelium Nct and Aph1 proteins, respectively, possess the GxxxGxxxG-and YIGSS-like motifs characteristic of their metazoan counterparts. The final component, Dictyostelium Pen2, is the smallest, with a predicted size of 8 kDa and two TM domains.
Dictyostelium -secretase subunits are expressed during growth and throughout development To characterize the function of the ps, nct, aph1 and pen2 genes, we first examined their expression patterns through the Dictyostelium 24-hour developmental cycle. RNA samples were isolated from growing cells and cells developed at 5-hour intervals, and probed by either northern blot hybridization or by semiquantitative reverse-transcriptase polymerase chain reaction (RT-PCR). ps1, nct, aph1 and pen2 are all expressed in growing cells and at every developmental stage examined (Fig. 2) . By contrast, ps2 was expressed minimally during times of growth and early development, but expression was highly upregulated at 10 hours of development, in parallel with the initiation of cell-fate determination. These data suggest that -secretase has cellular functions throughout development and that PS2 might play a separate role from PS1.
To study -secretase in Dictyostelium, we used homologous recombination to create strains carrying single or multiple gene disruptions. ps1-and ps2-null constructions have been previously described (Faix et al., 2004) , but the strains had not been characterized biologically. We have now generated aph1-and nctnulls, as well as ps1; ps2-, aph1;ps2-, nct;ps2-and aph;nct-nulls. All the mutant strains were verified by Southern blot analysis and by RT-PCR (data not shown). We were unable to isolate a cell deficient for pen2.
Dictyostelium has an endogenous PS-dependent, -secretase activity that processes human APP The extensive sequence differences between the Dictyostelium PS1, PS2, Aph1, Nct and Pen2 in comparison with their human orthologs (see supplementary material Fig. S1 ) provide controversy regarding their definitive roles as -secretase components. -secretase activity can be assayed by measuring the production of A peptides, using either full-length APP or N-terminal truncations of APP as substrates (McLendon et al., 2000; McPhie et al., 1997; OsterGranite et al., 1996; Yang et al., 2008) . Since there is no endogenous APP (or Notch) equivalent in Dictyostelium, we applied a similar approach using expressed human APP.
In Dictyostelium, full-length human APP is expressed very poorly but a truncated version comprising the C-terminal 240 amino acids (Fig. 3A) is expressed to relatively high levels. This Nterminal deletion construct ( N-APP) of human APP includes the sites cleaved by both -and -secretase (Fig. 3A) , and allowed us to detect the generation and accumulation of A peptides as well as the -and -CTFs -the direct -secretase substrates in mammalian cells (Fig. 3A) .
We evaluated the ability of WT cells expressing N-APP to process and secrete A 40 and A 42 -the -secretase products of APP -using an ELISA approach. Background levels of both A 40 and A 42 are minimal in fresh axenic growth media and in media conditioned with growing native WT Dictyostelium that does not express APP (Fig. 3B,C) . However, we detect a significant increase in A 40 levels in media conditioned with growing WT Dictyostelium that expresses DN-APP (Fig. 3B,C) ; A 42 levels are also increased to a statistically significant degree, but at a lower absolute concentration (Fig. 3B) . We deduce that growing WT Dictyostelium possesses an endogenous -secretase activity capable of processing human APP.
Next, we analyzed media conditioned with growing ps1-null cells that express DN-APP (Fig. 3B,C) ; A 40 or A 42 levels were not enhanced in comparison with background controls (Fig. 3B,C) . The absence of A peptides in the ps1-null cells indicates the loss of -secretase activity. We conclude that although the identified -Presenilin/-secretase in Dictyostelium development RESEARCH ARTICLE Fig. 2 . Developmental expression of ps1, ps2, nct, aph1 and pen2. RNA was isolated from WT Dictyostelium during growth or at 5-hour increments during development. Gene expression patterns were analyzed by either northern blotting (PS1, Nct, Aph1, Ig7) or semi-quantitative Pen2, Ig7) . Ig7 is a nonregulated mRNA control.
secretase component of Dictyostelium is highly diverged from its human counterpart, it nonetheless retains -secretase proteolytic activity.
We also detect novel, C-terminal APP fragments that accumulate in growing ps1-null cells but not in WT cells that express DN-APP (Fig. 3C ). These new fragments are the processed TM intermediates of APP (see below) that are generated by proteolytic ectodomain shedding of full-length APP and are the substrates cleaved by PS/-secretase to release the A 40 or A 42 products. Accordingly, these TM intermediates of APP accumulate only in cells that lack PS/-secretase activity.
Cells lacking PS, Nct or Aph1 are unable to process APP APP processing in mammalian cells involves two cleavage processes. The first cleavage by either -or -secretase is an extramembranous, N-terminal ectodomain proteolytic shedding event, which generates C-terminal TM intermediates (-and -CTFs) that are the ultimate substrates for TM cleavage by -secretase; -secretase cleavage of APP is absolutely dependent upon prior ectodomain processing. Both -and -secretase cleavages must be precise to allow production and detection of the A 40 peptide.
To understand the biochemical bases of the novel C-terminal APP fragments that accumulate in ps1-null cells (Fig. 3C) , we examined APP processing in WT and PS/-secretase-deficient Dictyostelium in comparison with normal APP processing in mammalian Chinese hamster ovary (CHO) cells (Fig. 3D ). Endogenous expression of APP in native CHO cells is low. A fulllength APP is detected but the CTFs are difficult to detect by immunoblotting ( Fig. 3D ), as they are efficiently processed to release the N-terminal A 40 or A 42 products and the unstable APP C-terminal 6 kDa AICD, which is rapidly degraded and also not
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Presenilin/-secretase in Dictyostelium development RESEARCH ARTICLE (B)Media conditioned by growing WT and ps1-null cells that express DN-APP (a truncated human APP) were analyzed for levels of A 40 and A 42 peptides by quantitative ELISA. Fresh media and media conditioned by native WT cells were used as negative controls. Bars indicate standard errors that are derived from two independent experiments, each with two replicates. (C)Protein samples were collected from growing native WT Dictyostelium, or WT and ps1-null Dictyostelium that express DN-APP. DN-APP expression and processed fragments (arrows) were determined by immunoblot assay using -APP C-terminus. (D)Protein samples were collected from native and APP-expressing CHO cells untreated or incubated with DAPT, and from growing native WT Dictyostelium or WT, aph1-null, ps1;ps2-null and ps1-null Dictyostelium that express DN-APP. APP expression and processing was determined by immunoblot assay using -APP C-terminus. (E)Protein samples were collected from growing or 16-hour-developed WT, and aph1; Dictyostelium that express DN-APP. DN-APP expression and processing was determined by immunoblot assay using -APP C-terminus. (F)Total cell fractions (T), membrane fractions (M) and cytosolic fractions (C) were prepared from growing WT, aph1-null and nct-null Dictyostelium that express DN-APP. DN-APP and -and -CTFs in WT and -secretase-null mutants were detected by immunoblotting with -APP C-terminus. Positions of molecular weight markers, APP, DN-APP and -and -CTFs are indicated.
easily detected (Fig. 3D ). Stable expression of full-length human APP leads to low-level accumulation of the -and -CTFs but, again, the AICD is degraded rapidly and not detected by immunoblot (Fig. 3D) . Treatment of the APP-expressing CHO cells with 250 nM DAPT, a specific -secretase inhibitor, leads to a much greater accrual of the -and -CTFs (Fig. 3D ) and of inhibition of A 40 and A 42 production (data not shown).
We further examined CTF production in growing WT and mutant Dictyostelium that express DN-APP (Fig. 3C,D) . The various cells express similar levels of DN-APP as a triplet, indicative of expected glycosylated variants. WT cells express fulllength DN-APP, but only minimal levels of any C-terminal processed fragment (Fig. 3C,D) . However, cells lacking PS1, Aph1, Nct, both PS1 and PS2, or both PS2 and Aph1 accumulate CTFs that co-migrate with mammalian -and -CTFs ( Fig. 3C-E ). These data demonstrate that the identified Dictyostelium genes encode functional -secretase components. Remarkably, the sites for -and -secretase cleavage of APP, N-terminal to the transmembrane region, in Dictyostelium correspond to those in mammalian cells (Fig. 3D) . As the extracellular proteases of Dictyostelium and mammalian cells are not well conserved, perhaps structural elements within APP regulate proteolytic processing by ectodomain shedding.
Since growing cells that lack PS2 still express high levels of PS1, ps2-nulls do not accumulate CTFs (Fig. 3E ), but accumulate similar A 40 and A 42 levels to those of WT cells (data not shown). As DN-APP expression levels declined significantly during later developmental stages, CTF intermediates are virtually undetectable in the various mutants (Fig. 3E ). Thus, we could not evaluate the impact of PS2 function on APP processing in later development when PS2 expression levels rise.
Given that -secretase processing activity is membrane-specific, we wanted to determine the localization of full-length DN-APP and of the -and -CTF intermediates in Dictyostelium. Full-length, glycosylated DN-APP was found predominantly in the membrane fraction, whereas the presumed immature, lower molecular weight DN-APP form was also found in the cytosolic fraction (Fig. 3F ). As expected, -and -CTFs are primarily membrane-associated.
We also studied the sensitivity of APP processing in Dictyostelium to a series of -secretase inhibitors, such as DAPT (Fig. 4) . Although DAPT inhibited APP processing in
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Presenilin/-secretase in Dictyostelium development RESEARCH ARTICLE Dictyostelium, the concentrations (>50 mM) required were only partially effective, even at one-to-two orders of magnitude greater than needed in mammalian cells. We suggest that this reflects either the sequence divergence of Dictyostelium PS1 or its minimal 'loop' domain. We note that there is a mechanistic preference for DAPT interaction with the C-terminus of endoproteolyzed PS (Morohashi et al., 2006) .
Although we were able to detect secreted A 40 and A 42 in the media of WT cells, we wished to observe the corresponding, but unstable, AICD in cytosolic fractions. We were unable to stabilize the AICD using proteasomal inhibitors calpain I (at 10-50 mM), epoxomicin (at 9-45 mM) or lactacystin (10-100 mM), or with 100 mM 1,10-phrenanthroline (supplementary material Fig. S3 ). We also tried to stabilize the AICD with a C-terminal yellow fluorescent protein (YFP) tag (DN-APP-YFP); although we detected accumulation of -and -CTF-YFP in the -secretase mutants, we did not observe a corresponding AICD-YFP in WT or ps2-null cells (data not shown). Finally, we replaced the entire ICD of DN-APP with YFP. Not only did we not detect cytosolic YFP in WT cells, but also we no longer observed accumulation of -and -CTFs in the -secretase mutants (supplementary material Fig. S4 ). These data suggest that structural elements within the AICD are essential for ectodomain processing of APP in Dictyostelium.
-secretase activity is required for phagocytosis in Dictyostelium
Although PS1 and the other -secretase components are expressed in growing cells, we did not observe significant differences of growth in axenic liquid-nutrient culture among the various mutant strains as compared with WT. In addition, loss of PS or other -secretase components had no effect on migration towards folate, a growth chemoattractant (data not shown). However, in the course of analyzing the growth-to-development transition of Dictyostelium growing on bacteria, we observed an interesting dependency on -secretase components. In the absence of a chemotactic defect, the areas (plaques) cleared by Dictyostelium that is growing on bacterial lawns are generally proportional to the rates of bacterial engulfment and uptake by phagocytosis. Consistently, the ps1-, aph1;ps2-, nct;ps2-and ps1;ps2-nulls all form significantly smaller plaques than do WT, within identical time frames. These data suggest a role for PS/-secretase in bacterial engulfment. The double mutants have a more severe defect in bacterial clearing than do cells carrying single mutations, as nct-, and aph1-single nulls show growth plaque sizes that are similar to WT (Fig. 5A,B) ; growing cells express only low levels of PS2 and ps2-nulls show no growth phenotype.
To address this more directly, we quantified phagocytic rates for several strains in comparison with WT. Dictyostelium was mixed with TRITC-labeled yeast, and internalized fluorescence was used to determine particle uptake (Khurana et al., 2005) . WT, ps2-null and nct-null cells exhibit similar linear rates of phagocytosis during the time course (Fig. 6A) , consistent with their similar growth rates on bacteria (Fig. 5A) . By contrast, ps1-null, ps1;ps2-null, and aph1;nct-null cells had highly reduced rates of phagocytosis in comparison with WT controls (Fig. 6A,B) .
To determine whether -secretase activity was required for phagocytosis, we examined cells expressing a PS variant (PS2 DD/AA ) in which the essential catalytic aspartates (see Fig. 1B ,C) were mutated to alanines; in other systems, these PS DD/AA variants functionally deplete endogenous -secretase activity and act as dominant-negatives (Berezovska et al., 2000; Kimberly et al., 2000; Wolfe et al., 1999) . PS2 WT and PS2 DD/AA were expressed with Hisepitope tags at similar levels in growing ps2-null cells (Fig. 5C) . The growth on bacteria of cells expressing PS2
WT was similar to that of WT and ps2-null cells, whereas PS2 DD/AA -expressing cells phenocopied the growth of ps1-nulls (Fig. 5D) . Furthermore, PS2 DD/AA -expressing cells had significantly reduced rates of phagocytosis compared with controls expressing PS2 WT (Fig. 6C ). These data suggest strongly that an active -secretase, not just a PS complex, is required to regulate phagocytosis in Dictyostelium.
Loss of -secretase components in Dictyostelium causes developmental delay and abnormal morphogenesis
Since PS/-secretase complexes are essential for metazoan development (Donoviel et al., 1999) , we were interested in determining if there were similar dependencies in Dictyostelium
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Presenilin/-secretase in Dictyostelium development RESEARCH ARTICLE Fig. 6 . PS/ -secretase mutants exhibit defects in growth on bacteria. WT and mutant strains of Dictyostelium were mixed with TRITC-labeled, heatkilled yeast particles; samples were removed at the times indicated and monitored by fluorimetric analyses. Arbitrary fluorescence units were used to normalize each strain relative to the maximum obtained for WT within the same experiment. Each of the cell lines was examined at least three times. ps1-, ps1;ps2-and aph1:nct-null differences to WT were statistically significant (P<0.05); differences of PS2 DD/AA -expressing cells to PS2 WT -expressing cells were statistically significant (P<0.05).
in the absence of equivalents of Notch, APP and other known -secretase substrates. Dictyostelium development is characterized by a transition from a unicellular growth state to a multicellular organism patterned by chemotactic movement, cellular differentiation, and morphogenesis. As single cells aggregate they initiate processes for differentiation into the progenitor prestalk and prespore cell types. As the multicelluar aggregates transition to the pseudoplasmodia or migrating slug stage, the precursor cells sort from one another and, during culmination, ultimately give rise to the terminally differentiated spore and stalk cells of the fruiting body, a mature terminal structure.
The ps1-, ps2-, aph1-and nct-null mutants aggregated efficiently and did not exhibit early developmental or chemotactic defects (data not shown). Interestingly, ps2-, aph1-and nct-null cells exhibited significant post-aggregation defects, a phenotype not observed with ps1-nulls (Fig. 7) . The defects were primarily manifested in extending the length of the slug stage. Characteristics of this 'slugger' phenotype are developmental asynchrony, inefficient culmination, and poor terminal differentiation. Whereas WT and ps1-null cells complete development within ~24 hours, ps2-, aph1-and nct-null mutants formed few intact fruiting bodies and mostly arrested as abnormal intermediates in this time frame (Fig. 7) . These results suggest that the -secretase components PS2, Nct and Aph1 share a common developmental function.
The double-mutant ps1;ps2-, aph1;ps2-and nct;ps2-null cells exhibited a late developmental delay similar to that of the individual ps2-, nct-and aph1-nulls; however, consistently, the double mutants formed even fewer fruiting bodies and more aberrant structures than did any of the single mutants, even when developed over extended periods. Since the ps1;ps2-double-null mutant was more defective than the ps2-, nct-or aph1-single nulls, we suggest that PS1 contributes partly to -secretase signaling during late development. In addition, PS/-secretase function might not be fully inactivated by loss-of-function mutation of either nct or aph1, an effect similarly observed during growth on bacteria.
-secretase mutants have primary defects in prespore-spore differentiation Given that the -secretase mutants form fewer fruiting bodies than do WT, we wanted to analyze their ability to differentiate into spore and stalk cells in low-cell-density monolayer culture (Kay, 1987) conditions that minimize cell-cell interactions and intercellular signaling. Sporulation was assayed in the presence of the sporulation-inducer 8Br-cAMP, a cell-permeable analog of cAMP. At the concentrations used, 8Br-cAMP binds and activates the cellsurface cAMP receptors and the intracellular protein kinase A (PKA), which are essential for spore-cell differentiation. In this assay, sporulation in the mutants generally was delayed ~24 hours compared with WT. Apart from ps1-nulls, the -secretase-null mutants collectively formed spore cells at ~50% efficiency compared with WT controls after three days of differentiation (Fig.  8A) ; routinely, there was less than 20% sporulation of -secretasemutant cells after 24 hours.
Since all -secretase mutants exhibited developmental delay and defects in sporulation, we examined prespore and prestalk gene expression patterns. RNA samples were collected from cells that had been developed on filters for various times, and mRNA expression was quantified by real-time RT-PCR, using H3a, the gene for histone 3A, as a normalizing control. cotB and pspA prespore gene expression was markedly reduced by loss of -secretase components; ps1;ps2-, aph1;ps2-, nct;ps2-and aph1;nctnulls express prespore mRNAs at ~20% abundance level compared with WT (Fig. 8B) . Prespore mRNA levels are also reduced in ps2-, aph1-and nct-null cells (Fig. 8B) , although the impact is less severe. This is also true for the ps1-nulls, again suggesting a role for PS1 during late development. Thus, and consistent with the developmental data, we suggest that PS/-secretase signaling regulates prespore-spore differentiation. No reduction in ecmA prestalk gene expression was observed (data not shown), further suggesting that the -secretase complex has a primary function in the pathway that regulates spore differentiation.
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Presenilin/-secretase in Dictyostelium development RESEARCH ARTICLE Fig. 7 . PS/ -secretase mutants exhibit developmental delays and morphological defects. WT and -secretase mutant strains were developed for 24 hours on filter matrices. Mutant strains fail to form terminal developmental structures.
The double nulls routinely have a more severe developmental defect than do the ps2-, aph1-and nct-single nulls. Again, these data indicate that in the absence of either Nct or Aph1, but not both, some PS/-secretase function might persist.
PS/-secretase functions in a cell-autonomous manner to regulate prespore-spore differentiation
The ICDs released upon -secretase substrate cleavage are generally considered to be the primary effectors of PS function. Thus, Notch signaling downstream of PS/-secretase is viewed as a cellautonomous event. For other pathways, cell autonomy is not so obvious. Secretion of novel protein fragments following intramembrane -secretase cleavage of other PS substrates might potentially generate a functional extracellular, nonautonomous paracrine-like signal. Although there is minimal cell-cell communication during the monolayer sporulation experiments, the data are insufficient to address this role of PS function in Dictyostelium. To directly address issues of cell autonomy and nonautonomy during prespore differentiation, we followed cell lineages of WT and PS/-secretase-deficient cells during chimeric development of mixed cell cultures.
WT and ps2-null strains that express lacZ in all cells, using the ubiquitous act15 promoter, were mixed with unmarked cells at different ratios in every combination, developed to various stages, and stained in situ for -galactosidase expression. At the slug stage, prestalk cells primarily define the anterior region, with the prespore cells restricted to the slug posterior (Williams, 2006) . In both homologous controls, -galactosidase staining is observed throughout the entire organism (Fig. 8C) . Similarly, WT cells do not preferentially populate a specific differentiated region in the presence of a predominant ps2-null population. However, the ps2-nulls are restricted to the anterior prestalk zone in developmental chimeras with WT, with some enrichment in the PstO region, a spatially restricted subregion of the prestalk zone. Some ps2-null cells are also enriched at the very posterior, but these cells also are fated to mark the prestalk-like basal disc structure at later developmental stages. These data are consistent with our previous conclusions that PS2 signaling is not essential for prestalk fates but regulates prespore-spore differentiation. As data suggest that PS1 contributes to PS/-secretase signaling during late development, we examined WT fate specification during chimeric development in the presence of excess ps1;ps2-null cells, which would completely lack -secretase activity. In these chimeras, WT cells are only able to populate the prespore region. WT cells are preferentially recruited to a prespore fate when developed with cells defective for PS/-secretase signaling. These data establish PS/-secretase signaling as a required cell-autonomous pathway for prespore differentiation in Dictyostelium. We were unable to obtain sufficient levels of ectopically expressed PS2
WT and PS2 DD/AA proteins to currently assess a direct role for -secretase activity in this process.
DISCUSSION
Dictyostelium PS/-secretase and APP processing
Although Dictyostelium does not contain an obvious ortholog of APP, its highly diverged PS/-secretase complex is fully competent to process ectopically expressed human APP correctly. Perhaps more surprising is the ability of Dictyostelium to produce APPderived -and -CTFs that co-migrate with those of mammalian cells. Dictyostelium secretes many proteases during growth and
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Presenilin/-secretase in Dictyostelium development RESEARCH ARTICLE development, but a functionally equivalent candidate with -CTFgenerating BACE (-secretase) activity is not simply identified in a bioinformatic comparison. The presence of -CTFs in Dictyostelium allows analyses of APP cleavage by PS/-secretase and the detection of A moieties -processes not easily studied in other models. Despite the presence of endogenous APP-like proteins in both Drosophila and C. elegans, A-like peptides do not readily accumulate in these organisms. Nonetheless, A peptides can be produced by Drosophila cells that express human APP, suggesting the presence of a -CTF-generating BACE activity (Carmine-Simmen et al., 2009; Takasugi et al., 2002) .
We have applied numerous and varied experimental manipulations, but have been unable to detect the presence of any AICD molecules in Dictyostelium. AICD is also not easily detected in mammalian cells, but can be stabilized through interaction with Fe65 and X11 protein family members (Kimberly et al., 2001; Suzuki and Nakaya, 2008) ; neither has been identified in Dictyostelium.
Interestingly, we consistently observe more-severe phenotypic defects in strains carrying mutations in any two -secretase component genes than in singly mutant cells. Data in the metazoa suggest that each component of the PS complex is essential for -secretase function, but loss of either Nct or Aph1 might not be sufficient to completely eliminate -secretase activity in Dictyostelium. While it remains to be determined if this is a unique aspect, a mutation at S438 has been identified in human PS1 that renders its -secretase activity functionally independent of Nct when expressed in either mammalian cells or in yeast (Futai et al., 2009 ). Although S438 is fully conserved in both PS1 and PS2 of Dictyostelium, we note the high divergence from human PSs at other sites in PS1 and PS2, as well as in Nct.
The phenotypes of the ps1;ps2-null strain are more simply consistent with partial redundancy of PS1 and PS2. ps1 is expressed during growth and throughout the Dictyostelium developmental cycle. ps1 mutants have defects in phagocytic particle capture, but less overt developmental effects. By contrast, ps2 is expressed at low levels during growth and upregulated during cytodifferentiation. ps2 mutants exhibit defects in prespore and/or spore differentiation, a cell-fate defect that is extremely enhanced in ps1;ps2-null cells. During late development PS1 might, in part, substitute for PS2 and provide some -secretase activity. It is not possible to determine if the partial compensation of PS2 by PS1 reflects differences in protein levels, substrate preference, specific activity, or structure. We note that Dictyostelium PS1 lacks the large cytoplasmic loop present in Dictyostelium PS2 and the presenilins thus far described in other systems.
Phagocytosis
We present compelling evidence for a required function for -secretase activity in the regulation of phagocytosis. This conclusion is consistent with the postulates of others (Jutras et al., 2005) , although previous functional linkages had been less clear. All four components of the PS/-secretase complex have been identified on phagosomes purified from murine macrophages and from Drosophila S2 cells (Jutras et al., 2005) . Furthermore, two PS/-secretase substrates -CD44 and the low-density-lipoprotein receptor-related protein 1 (LRP1) -mediate phagocytosis in macrophages and other cells (Lammich et al., 2002; Leemans et al., 2003; Lillis et al., 2008) . In particular, the cytoplasmic domain of LRP1 is implicated as the primary effector for this process (Patel et al., 2003) , potentially supporting a role for phagocytic activation mediated by -secretase cleavage of LRP1.
Phagocytosis in Dictyostelium is essential for nutrient capture during growth on bacterial and fungal sources, but is also required for additional functions. During development, a small population of phagocytic cells serves a protective roll to sequester toxic components. These 'sentinel' cells exhibit immune-like properties (Chen et al., 2007) , and this might suggest a shared function of PS/-secretase in these cells and in mammalian macrophages.
Development
Loss-of-function mutants in PS/-secretase phenocopy Notch deficiencies and cause embryonic lethality in mammals, Drosophila and C. elegans. Since development in Dictyostelium occurs after growth, we do not observe a similar lethality in cells lacking PS/-secretase activity; however, as with mutant mammalian organisms, mutant Dictyostelium also exhibits a cell-fate switch. Nonetheless, Dictyostelium does not possess a classical Notch substrate as defined by a Notch-domain sequence or potential NICD and we have not identified any of the known metazoan PS/-secretase substrates in Dictyostelium, suggesting that Dictyostelium has unique PS/-secretase substrate pathways that regulate development. Although there is not a consensus amino acid sequence that defines a PS/-secretase substrate (Dries and Yu, 2008; Kopan and Ilagan, 2004) , substrates all share certain structural features, including relative location of the TM domain and a cluster of basic amino acids that are C-terminal to the TM domain. Numerous type 1 TM proteins can be identified in Dictyostelium. Several of these possess epidermal growth factor (EGF)-like motifs, are known to be cleaved extracellularly, and have other characteristics shared by the known PS/-secretase substrates. Studies are in progress to determine if any of these might be bona fide PS/-secretase substrates in Dictyostelium.
Although most PS/-secretase pathways require the release of an ICD to propagate a signal, it has been suggested that -secretase might have originally functioned as a 'membrane proteasome' to recycle membrane components (Kopan and Ilagan, 2004; Selkoe and Wolfe, 2007; Wolfe and Kopan, 2004) , releasing protein fragments for complete degradation by the 26S proteasome or other proteases. Signaling functions that are dependent upon cleavage by the -secretase might have become secondarily associated with released A-like peptides and ICDs. Regardless, PS/-secretase has a definitive cell-autonomous function during Dictyostelium development, suggesting that cell-autonomous PS signaling is an ancient process that might have preceded the evolutionary appearance of the definitive Notch pathway (Selkoe and Wolfe, 2007) .
PS/-secretase might also regulate signaling by targeting specific membrane proteins for degradation and endosomal recycling (Zhang et al., 2006) . Our data do not make a simple mechanistic pathway prediction for PS function in Dictyostelium. Regulatory ICDs in Dictyostelium could function as activators of prespore differentiation or as inhibitors of prestalk fate. In either situation, loss of PS function would suppress prespore-fate choice. Alternatively, a membrane protein(s) might be the active regulatory component that is inhibited through targeted degradation by PS/-secretase. Such a factor would act reciprocally to that predicted for an ICD, functioning as a cell-autonomous activator of prestalk differentiation or inhibitor of prespore fate. Nonetheless, loss of PS/-secretase function would still promote prestalk differentiation of cells during chimeric development with an excess WT population.
The -secretase inhibitor DAPT is weakly effective in Dictyostelium even at 50 mM and can partially suppress sporulation as compared with DMSO controls (data not shown). Still, we recognize that the PS complex might have functions that are not fully dependent upon its proteolytic activity. Mammalian PS can interact with glycogen synthase kinase 3 (GSK3) and potentially function as a scaffold (Kang et al., 2002; Prager et al., 2007; Tesco and Tanzi, 2000) . Although in Dictyostelium both PS and GSK3 promote prespore differentiation (Kim et al., 2002; Kim et al., 1999; Plyte et al., 1999) , we have been unable to detect a physical interaction of Dictyostelium PS1 with either Dictyostelium or mammalian GSK3 in vivo or in vitro (data not shown). Recent data in moss suggest a function for a PS-like protein that is independent of -secretase activity (Khandelwal et al., 2007) , and an inherent -secretase function in the moss protein could not be demonstrated. Loss-of-function PS mutants compromise Ca 2+ signaling in mammalian cells (Tu et al., 2006; Yoo et al., 2000) but, conversely, in Dictyostelium, it is increases in intracellular Ca 2+ that are associated with stalk-cell differentiation (Kubohara et al., 2007) .
We conclude that Dictyostelium possesses a bona fide PS/-secretase pathway that is required, in a cell-autonomous manner, for both phagocytosis and cell-fate specification. Thus, PS signaling and -secretase activity are ancient processes that arose prior to metazoan radiation. The extreme sequence divergence of the Dictyostelium orthologs might now direct focus to a more restricted set of PS/-secretase structural elements and also to novel targets and effectors. Dictyostelium can also offer a unique system for applying novel genomic and chemical approaches. By expressing FAD mutations in Dictyostelium, we might be able to recapitulate aberrant cleavage of APP. Such cell lines might present a relatively simple and inexpensive system for the highthroughput screening of small-molecule libraries to identify novel pharmaceutical agents. Expression of mutant PS in Dictyostelium might also allow the study of causative effects of -secretase misregulation on phagocytosis and developmental pathways. Phagocytes provide the immediate defense against invading microorganisms, so these data might also provide a new understanding to immune system function.
METHODS
Growth and development of Dictyostelium
Dictyostelium discoideum axenic strains were grown in D3-T or HL-5 media with or without selection as required (Kim et al., 1999) , or cultivated as single cells on SM agar plates with Klebsiella aerogenes. Dictyostelium was developed on nitrocellulose filters as described (Kim et al., 1999) . For chimeric development, marked and unmarked cells were mixed at varying percentages prior to development on filters. To trace cell lineages, Dictyostelium was transfected with the act15-lacZ expression vector and total populations were selected with 20 mg/ml G418. Detection of in situ -galactosidase expression during development was as described (Richardson et al., 1994) . Spore differentiation (Kim et al., 1999) was induced in monolayer culture through the administration of 8Br-cAMP (Sigma-Aldrich, St Louis, MO, USA) and visualized in bright-field microscopy (Zeiss Axiovert 200M, Thornwood, NY, USA). To maximize differentiation of -secretase-mutant strains, experiments were monitored after three days of culture. After two days, there was routinely less than 20% sporulation of -secretase-mutant cells. Assays were performed three independent times, each with three replicates.
CHO cell culture
Naive CHO cells were maintained in Dulbecco's Modified Eagle's Medium (DMEM) containing 4.5 mg/ml D-glucose supplemented with 10% fetal bovine serum and 100 units/ml penicillin, 100 mg/ml streptomycin, 2 mM L-glutamine (Sigma-Aldrich) at 37°C in a 5% CO 2 atmosphere. CHO cells stably expressing human WT APP751 (CHO-7W) were grown as described above but supplemented with hygromycin.
Construction of -secretase mutant strains
Dictyostelium has two presenilin genes -ps1 (DDB_G0292310) and ps2 (DDB_G0291352) -which, respectively, encode PS1 and PS2. Single genes exist for aph1 (DDB_G0267976), nct (DDB_G0287801) and pen2 (DDB_G0293484). We also identify two SPP genes: SPP1 (DDB_G0292836) and SPP2 (DDB_G0287521). ps1-and ps2-null strains have been described previously (Faix et al., 2004) . A 1.3 kb genomic fragment of aph1 was amplified using the forward primer 5Ј-GGACAAGCTGGAGAGAATA AAGTAC -CAGG-3Ј and the reverse primer 5Ј-CAGGTTTTATTTTAT -GGTTGTCTTTTTATTAC-3Ј, and subcloned into the TOPOpCR4 vector (TOPO TA Cloning Kit; Invitrogen, Carlsbad, CA, USA). This vector was linearized with NdeI (530 bp) within aph1, blunt-ended using the Klenow fragment of DNA polymerase I and dNTPs, and ligated to the SmaI fragment of pLPBLP containing the floxed blasticidin-resistant cassette (Faix et al., 2004) . The resulting aph1-LoxP-BSR vector was linearized with EcoRI and transfected into WT Dictyostelium, and aph1-null cells were clonally selected with blasticidin.
A 0.5 kb genomic fragment from the 5Ј-end of nct was amplified using the forward primer 5Ј-GAATTTTCCTTTCCCAA TG -TTTGCTTTGG-3Ј and the reverse primer 5Ј-CCCAA -CATAACCCCATCTCTCTGAATTCC-3Ј; a 0.8 kb genomic fragment from the 3Ј-end of nct was amplified using the forward primer 5Ј-GGAATTCAGAGAGATGG GGTTATGT TGGG-3Ј and the reverse primer 5Ј-GGGGTAATATGAT TTACTGGGCTT -ACACC-3Ј. The fragments were subcloned separately into the TOPO-pCR4 vector. The 5Ј nct fragment was excised with XbaI and BglII and the 3Ј nct fragment was excised with SalI and HindIII. The fragments were individually ligated into pLPBLP and the resulting nct-LoxP-BSR vector was linearized with PvuII and transfected into WT Dictyostelium, and nct-null cells were clonally selected with blasticidin.
ps1; ps2-, aph1;nct-, nct;ps2-and aph1; ps2-null strains were created using the Cre-LoxP BLAST recycling system to generate multiple insertions (Faix et al., 2004) .
Mutant strains were confirmed using Southern blot hybridization and RT-PCR analysis.
Quantitative RT-PCR
Prespore-and prestalk-cell gene expression levels were measured by quantitative real-time RT-PCR. WT and -secretase-mutant cells were developed for 15 and 20 hours on nitrocellulose filters (Kim et al., 1999) . RNA was isolated from cells by the TRIzol method (Invitrogen), treated with DNase (Ambion, Austin, TX, USA), and reverse transcribed into cDNA using the Transcriptor First Strand cDNA Synthesis Kit (Roche, Indianapolis, IN, USA). We performed PCRs using Bio-Rad's iQ SYBR Green Supermix (Bio-Rad, Hercules, CA, USA) and the ABI Prism 7900 (Applied Biosystems, Foster City, CA, USA). Each cell line was developed in three independent experiments; each reaction was in duplicate. Primer-pair efficiencies were compared with the amplification of genomic DNA. Prespore and prestalk gene expression levels were normalized to those of the histone H3a mRNA. The data analysis threshold point was set for linear amplification. Sequences of the primers (IDT, Inc., Coralville, IA, USA) are as follows: (1) H3a, 5Ј-GGTTCTAAACAAGCCCATAAACAAACTCCA G-3Ј(forward) and 5Ј-CTCTAAGAGCGACAGTACCTGGTCTG-3Ј(reverse); (2) PspA, 5Ј-CAACAGTTACACCAACAGTTACACCAACAG-3Ј (forward) and 5Ј-GCAACAACAGTTGAAGC AGAACC AGTTG-3Ј (reverse); (3) CotB, 5Ј-GCTCACATACTACTA CTGGTGG -TTCAACTAC-3Ј (forward) and 5Ј-GTCAAATT CATCGG -CAACACAAACAGC-3Ј (reverse); (4) EcmA, 5Ј-GCCTGTA -CAGATGATTCCTGCTCAC-3Ј (forward) and 5Ј-GATTGG -GGTATAACAGCAACCAGTTGAATTG-3Ј (reverse); (5) EcmB, 5Ј-CTGAAGATAAATGTACTCAATCAG GTGG TGTAACTC-3Ј (forward) and 5Ј-GTATGGCAACA GCCAGTTGAGTTTGAAC-3Ј (reverse).
Northern blot analysis
Total RNA was isolated from growing cells or cells developed on filters, separated by gel electrophoresis (Kim et al., 1999) , and transferred to Amersham Hybond N+ membrane (GE Healthcare, Buckinghamshire, UK) using Turboblotter (Schleicher and Schuell, Dassel, Germany). DNA radiolabeled probes were synthesized using Amersham Rediprime II Random Prime Labelling System (GE Healthcare). Membranes were hybridized at 42°C overnight in ULTRAhyb (Ambion). Hybridizations were imaged using the Fujifilm FLA-5000 (Japan).
DN-APP vectors
PCR primers were designed to amplify the C-terminal 240 amino acids of human APP, containing the predicted sites for glycosylation, and for cleavage by -secretase, -secretase and -secretase. Restriction sites for BamHI and XhoI were incorporated into the primer pairs: 5Ј-TTTGGATCCATGACACACCTCCGTGT GA -TTTATGAGCG-3Ј and 5Ј-TTCTCGAGCTAGTTCTG CATCT -GCTCAAAGAACTTGTAGG-3Ј.
The N-APP fragment was amplified using Expand High Fidelity PCR kit (Roche Molecular Biochemicals) and the GeneAmp PCR System 9600 (PerkinElmer Life Sciences, Waltham, MA, USA), cloned into Dictyostelium extrachromosomal vector pTX-FLAG (Levi et al., 2000) by using BamHI and XhoI, and transformed into E. coli DH5. The N-APP recombinant plasmid, designated pTX-FLAG-N-APP, was confirmed by sequencing.
To generate a Flag-N-APP-YFP construct, we amplified N-APP from pTX-FLAG-N-APP using primers flanked with KpnI and BamHI: 5Ј-GGTACCATGACACACCTC CGTGTG AT TTATGAG-3Ј and 5Ј-GGATCCGTTCTGCATC TG CTCA AA GAACTT-3Ј.
Amplified Flag-N-APP was subcloned into TOPO-pCR4, and used for KpnI-and BamHI-mediated cloning into pDXA-msc-YFP.
Transfections into WT and mutant Dictyostelium and population selections were as described (Kim et al., 1999) .
Detection and quantification of secreted levels of A 40 and A 42 The levels of secreted A were quantified by sandwich ELISA. Growing Dictyostelium cells (5ϫ10 5 ) were deposited into six-well tissue culture dishes and allowed to grow as adherent cells overnight at 21°C in HL-5. Cells transformed with pTX-FLAG-N-APP were cultured in HL-5 supplemented with 10 mg/ml of G418. The next day, the media was replaced with 1.4 ml of fresh HL-5. After 24 hours, the conditioned media (1.2 ml) was collected and centrifuged at 14,000 rpm for 15 minutes at 4°C to remove any cells and debris. The concentration of A 40 and A 42 was detected and quantified in triplicate using the -Amyloid 1-40 or 1-42 Colorimetric ELISA Kit (Biosource International, Camarillo, CA) according to the manufacturer's instructions. The level of A represents the mean value from three independent experiments performed on separate days.
Immunoblot detection of APP
Dictyostelium and CHO cells were lysed in ice-cold RIPA buffer [20 mM Tris-HCl (pH 7.4) containing 150 mM NaCl, 2 mM EDTA, 1% Nonidet P-40 (NP-40), 50 mM NaF, 1 mM Na 3 VO 4 , 1 mM Na 2 MoO 4 , 10 mg/ml aprotinin and 10 mg/ml leupeptin], supplemented with Complete Mini Protease Inhibitor Cocktail Tablets (Roche) and briefly sonicated. Insoluble material was removed by centrifugation at 14,000 rpm for 15 minutes at 4°C. In some instances cell pellets were resuspended in NuPAGE 1ϫ LDS Sample Buffer (Invitrogen) and phosphate buffer (7.4 mM NaH 2 PO 4 -H 2 O, 0.4 mM NaHPO 4 -7H 2 O) containing protease inhibitor tablets (Roche). Proteins were separated using pre-cast SDS-PAGE (12% Bis-Tris polyacrylamide gels or 8% and 14% Trisglycine; Invitrogen) and transferred to PVDF membranes using Novex mini-cell XCell Surelock and XCell II Blot Module (Invitrogen).
The membranes were blocked with 5% fat-free powdered milk, then incubated with the -APP-C-terminal (1:6000; Sigma-Aldrich) or -GFP (1:5000 dilution; Sigma-Aldrich) primary antibodies, and followed with the HRP-labeled goat -rabbit (1:10,000 dilution; BD Biosciences, San Jose, CA) or goat -mouse HRP (1:10,000 dilution; BD Biosciences) secondary antibodies. Reactivity was visualized using SuperSignal West Femto Maximum Sensitivity Substrate (Thermo Scientific, Rockford, IL) ECL reagent and imaged with the FujiFilm LAS-3000 (Japan), or using the enhanced chemiluminescence (ECL) system (GE Healthcare) and imaged with XOMAT Kodak film.
PS2 expression
PS2 cDNA was amplified from mRNA isolated from 20-hourdeveloped cells using primers 5Ј-GGATCCTACAAATATT -TGATTTTCACCCAAAAAGTAAATG-3Ј and 5Ј-GAGCTC -ATGAAAGAAAATGAAGATGATACTAATAAAAC-3Ј, with added SacI and BamHI restriction sites. The cDNA was cloned into the TOPO pCR4 vector (Invitrogen). QuikChange Multi Site-Directed Mutagenesis kit (Stratagene, La Jolla, CA) was used to introduce point mutations to convert GAT aspartate codons to GCT alanine codons: mutagenized PS2 DD/AA had D237A and D429A residues. WT and mutated cDNA was cloned into pDXA-3H-Hygro and co-transfected with the replication plasmid pREP into WT and ps2-null cells and selected with 100 mg/ml hygromycin.
Quantitative phagocytosis
Dictyostelium was mixed with TRITC-labeled heat-killed yeast cells in shaking suspension at room temperature as described (Khurana et al., 2005) . 1 ml samples were withdrawn at various times and added to Trypan Blue solution (2 mg/ml dissolved in 20 mM sodium citrate containing 150 mM NaCl) to quench the fluorescence of noninternalized yeast. Cell pellets were collected and fluorescence was measured using 544 nm light for excitation and 574 nm for emission in a luminescence spectrometer LS50B (PerkinElmer). Arbitrary fluorescence units were normalized to the maximal value obtained for WT cells within the same experiment. Experiments were performed three times.
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Alzheimer's disease (AD) is a progressive neurodegenerative disorder. Some cases of the disease (FAD) are inherited through causative defects in the genes for amyloid precursor protein (APP), presenilin 1 (PS1) or presenilin 2 (PS2). APP is a type 1 (single-pass) transmembrane protein that is cleaved by -secretase; presenilin contains two essential aspartyl residues that constitute the active site of the protease. -Secretase functions as a multiprotein complex with the accessory proteins Nicastrin, Pen2 and Aph1. Pathogenesis of FAD results from the misregulation of -secretase cleavage of APP, rather than by the absence of cleavage.
-secretase cleaves other type 1 transmembrane proteins and plays a role in diverse clinically relevant pathways, including cell adhesion and cell differentiation. -Secretase cleavage of Notch is essential for normal embryogenesis, and loss of any of the -secretase components in mammals has an embryonic lethal, Notch-like phenotype.
Results
The authors show that the ancient organism Dictyostelium has highly diverged -secretase subunits that can precisely process ectoptic human APP. Thus, this key regulatory pathway is evolutionarily conserved through hundreds of millions of years. In Dictyostelium, -secretase activity is necessary for phagocytosis, a process also required for innate immune response in mammalian cells. Similar to the complex metazoa, -secretase components in Dictyostelium are required for cell-fate determination. Dictyostelium is a unique system that is experimentally amenable to study -secretase function.
Implications and future directions
Understanding the function and regulation of presenilin-dependent -secretase cleavage events is essential for identifying new therapeutic approaches for treating AD. By expressing FAD mutations in Dictyostelium, we might be able to recapitulate aberrant cleavage of APP. Such cell lines might present a relatively simple and inexpensive system for the high-throughput screening of small-molecule libraries to identify novel pharmaceutical agents. Expression of mutant presenilin can also be used to study causative effects of -secretase misregulation on phagocytosis and developmental pathways.
This model also has potential for understanding complex pathways involved in immunity. -Secretase in Dictyostelium functions in a primary role to regulate nutrient-particle capture via phagocytosis during cellular growth. In mammals, macrophages engulf invading pathogens and apoptotic cells by a mechanistically identical pathway. -secretase signaling is central both to phagocytosis in Dictystelium and to the immune response in mammalian cells. Studies in Dictyostelium that identify essential transmembrane protein targets that are cleaved by -secretase might uncover novel and conserved mechanistic pathways that regulate phagocytosis. The conservation of -secretase in Dictyostelium suggests it as a tractable model to understand AD and macrophage phagocytosis. doi:10.1242/dmm.006072
